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ABSTRACT
The ability of fungi to generate polarized cells with a variety of shapes likely reflects precise temporal
and spatial control over the formation of polarity axes. The bud site selection system of Saccharomyces
cerevisiae represents the best-understood example of such a morphogenetic regulatory system. However,
the extent to which this system is conserved in the highly polarized filamentous fungi remains unknown.
Here, we describe the functional characterization and localization of the Aspergillus nidulans homolog of
the axial bud site marker Bud3. Our results show that AnBud3 is not required for polarized hyphal growth
per se, but is involved in septum formation. In particular, our genetic and biochemical evidence implicates
AnBud3 as a guanine nucleotide exchange factor for the GTPase Rho4. Additional results suggest that
the AnBud3–Rho4 module acts downstream of the septation initiation network to mediate recruitment of
the formin SepA to the site of contractile actin ring assembly. Our observations provide new insight into the
signaling pathways that regulate septum formation in filamentous fungi.

T

HE filamentous fungi form mycelial colonies that
consist of networks of branched hyphae that grow
by apical extension. In the higher fungi (i.e., Ascomycota and Basidiomycota), hyphae are compartmentalized by the formation of cross-walls, or septa. It has long
been suspected that the presence of septa allows filamentous fungi to partition cellular environments within
a hypha to support colony homeostasis and reproductive development (Gull 1978). The process of septum
formation is similar to cytokinesis of animal cells, in
that it coordinated with mitosis and requires formation
of a contractile actin ring (CAR) (Balasubramanian
et al. 2004). By analogy to the yeasts Saccharomyces
cerevisiae and Schizosaccharomyces pombe, the CAR likely
provides a landmark that guides deposition of the
septal wall material. However, unlike these yeasts, the
septum is not subsequently degraded and cells remain
attached. Furthermore, in most filamentous fungi, a
small pore is retained to enable communication between adjacent hyphal compartments. Septum formation has been studied in several filamentous fungi,
including Aspergillus nidulans (Harris 2001; Walther
and Wendland 2003). Upon germination of asexual
conidiospores in A. nidulans, the first few rounds of
parasynchronous nuclear division are not accompanied
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by septation until cells reach an appropriate size/
volume (Harris et al. 1994; Wolkow et al. 1996).
Subsequently, the first septum forms near the junction
of the spore and germ tube (Harris et al. 1994).
Deposition of the septal wall material is tightly coupled
to assembly and constriction of the CAR, which in turn
requires persistent signals from mitotic nuclei (Momany
and Hamer 1997). As A. nidulans hyphae continue to
grow by apical extension, each parasynchronous round
of mitosis in multinucleate tip cells is followed by
formation of septa in the basal region of the compartment (Clutterbuck 1970). Because tip and intercalary
hyphal cells are multinucleate, not all of the individual
mitotic events within the tip cell are capable of triggering septation.
Genetic analyses have identified several functions
required for septum formation in A. nidulans, including
the septation initiation network (SIN), the septins, and
a formin (Harris 2001). The SIN is a cascade of three
protein kinases that is activated by a small GTPase
(Krapp and Simanis 2008). In A. nidulans, the component kinases of the SIN are arranged in the pathway
SepH/SepL/SidB, with SepM amd MobA serving as
cofactors that regulate SepL and SidB, respectively (Kim
et al. 2006, 2009). Although SIN components localize to
the spindle pole bodies, this does not appear to be a
prerequisite for their subsequent recruitment to the
septation site (Kim et al. 2009). Functional analysis of
SepH, ModA, and SidB demonstrate that the SIN is
required for assembly of the CAR (Bruno et al. 2001;
Kim et al. 2006). Nevertheless, the upstream activators of
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the SIN and its downstream effectors remain unknown.
However, localization of the septin AspB and the formin
SepA to the septation site have been shown to require
SepH (Sharpless and Harris 2002; Westfall and
Momany 2002). AspB initially appears as a single ring
that does not constrict, but splits into a double ring
flanking the septum (Westfall and Momany 2002).
AspB is not required per se for assembly of the CAR
(Westfall and Momany 2002). On the other hand,
SepA is a dynamic component of the CAR that is
required for its assembly (Sharpless and Harris
2002), presumably because of its ability to nucleate
actin filaments.
In S. cerevisiae and S. pombe, formins such as SepA are
typically activated by Rho GTPases, such as Rho1 and
Cdc42 (e.g., Dong et al. 2003; Martin et al. 2007).
However, neither Cdc42 nor Rac1 is required for
septum formation in A. nidulans, and Cdc42 does not
localize to septation sites (Virag et al. 2007). One
promising candidate for a GTPase that could activate
SepA is Rho4, which appears to be specific to filamentous fungi (Rasmussen and Glass 2005). In Neurospora
crassa, Rho4 is a dynamic component of the CAR; its
absence prevents CAR assembly, whereas constitutive
activation permits spurious formation of extra CARs
(Rasmussen and Glass 2005). On the basis of these
results, it was suggested that Rho4 is a likely activator of
formins such as SepA at septation sites.
Because SepA simultaneously localizes to hyphal tips
and septation sites in A. nidulans (Sharpless and
Harris 2002), we have been interested in the identification of functions that determine patterns of cell wall
deposition in hyphal cells. In this context the bud site
selection system of S. cerevisiae provides an important
paradigm. S. cerevisiae cells display two distinct budding
patterns that are controlled by mating type (Freifelder
1960; Chant 1999). Mating type a or a cells employ an
axial budding pattern whereby the previous bud site
serves as a template for the next bud. As a result, a chain
of chitinous bud scars decorates the cell surface. In
contrast, mating type a/a cells employ a bipolar
budding pattern whereby buds emerge from either
the distal or proximal pole of the cell (the proximal
pole is defined by the presence of the birth scar, Chant
and Pringle 1995). Accordingly, bud scars cluster at
either pole but are not necessarily adjacent to each
other. Extensive genetic analyses have provided a fairly
detailed understanding of the molecular mechanisms
that underlie the axial and bipolar budding patterns.
For the axial pattern, the cell wall protein Axl2 serves as
a landmark whose function is facilitated by its association with Axl1 and the septin-interacting proteins Bud3
and Bud4 (Chant and Herskowitz 1991; Chant et al.
1995; Chant 1999; Lord et al. 2002; Gao et al. 2007;
Park and Bi 2007). For the bipolar pattern, the
paralogous cell wall proteins Bud8 and Bud9, which
bear no homology to Axl2, serve as distal and proximal

pole markers, respectively (Chant 1999; Harkins et al.
2001; Kang et al. 2004; Park and Bi 2007). Furthermore, the membrane proteins Rax1 and Rax2 form
complexes with Bud8 and Bud9, which facilitates their
function (Kang et al. 2004). The positional information
generated by the landmark proteins Axl2, Bud8, or
Bud9 is subsequently relayed to the Ras-like Bud1/Rsr1
GTPase module via the guanine nucleotide exchange
(GEF) factor Bud5 (Kang et al. 2001, 2004; Krappmann
et al. 2007). This results in localized activation of the
Rho-like GTPase Cdc42, which acts via multiple effectors to recruit components of the morphogenetic
machinery to the specified bud site (Chant 1999; Park
and Bi 2007).
Despite the importance of the bud site selection
regulatory module in specifying the budding pattern
of S. cerevisiae yeast cells, it remains unclear whether it is
used for a similar regulatory purpose in other fungi.
Ashbya gossypii is a hemiascomycete fungus closely related to S. cerevisiae that is only capable of forming
hyphae (Philippsen et al. 2005). The A. gossypii Bud3
homolog, which can function in S. cerevisiae, appears to
function as a landmark for septum formation and also
controls the position of the contractile actin ring
(Wendland 2003). In A. gossypii and Candida albicans,
another hemiascomycete capable of forming true hyphae, Bud1/Rsr1 homologs appear to function at the
hyphal tip to specify the direction of hyphal extension
(Bauer et al. 2004; Hausauer et al. 2005). Although
limited to hemiascomycetes, these studies suggest that
the components of the bud site selection regulatory
module may have a broader function within the fungal
kingdom.
Here, we investigate the possibility that homologs of
the bud site selection proteins may provide positional
information that marks the hyphal tip and/or septation
sites in A. nidulans. We characterize an apparent homolog of Bud3 and show that it is required for assembly of
the CAR at septation sites. Our results provide new insight into the regulation of septum formation by suggesting that AnBud3 functions downstream of the SIN
as a GEF for Rho4.
MATERIALS AND METHODS
Strains, media, growth conditions, and staining: Aspergillus
nidulans strains used in this study are listed in Table 1. Minimal 1 vitamins (MNV) media were made according to Kafer
(1977). MNV-glycerol and MNV-threonine fructose media
were made as described in Pearson et al. (2004). Malt extract
agar (MAG) and yeast extract glucose 1 vitamins (YGV) media
were made as described previously (Harris et al. 1994). The
reagent 5-fluoroorotic acid (5-FOA; US Biological, Swampscott, MA) was added to media at a concentration of 1 mg/ml
after autoclaving. For septation and hyphal growth studies,
conidia from appropriate stains were grown at 28° for 12 hr on
cover slips. Hyphae attached to the cover slip were fixed using
a modified standard protocol (Harris et al. 1994) [fixing
solution contained 3.7% formaldehyde, 25 mm EGTA, 50 mm
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TABLE 1
Strains used in this study
Strain
A28
GR5
TNO2A3
AHS2
AHS3
AHS5
AHS7
AHS25
AHS30
AHS252
AAV123.1
ASH630
ACP115
AKS70
AHS41
AHS43
AHS51
AHS53
AHS3C2
AJM34
AHS61
AHS62

Genotype

Source or reference

pabaA6 biA1
pyrG89 wA3 pyroA4
pyrG89; argB2; pyroA4 nkuATargB
pyrG89; argB2; Dbud3Tpry-4 pyroA4 nkuATargB
pyrG89; argB2; Dbud3TpyroA pyroA4 nkuATargB
pyrG89; argB2; Drho4TpyroA pyroA4 nkuATargB
pyrG89; argB2; Dmsb1TpyroA pyroA4 nkuATargB
pyrG89; argB2; Drho4TpyroA; Dbud3TpyrG; pyroA4 nkuATargB
sepATgfpTpyr-4; pyrG89 pabaA1; Dbud3TpyroA; yA2
yA2; argB2; pyroA4
pyrG89 sepATgfpTpyr-4; argB2; pyroA4 DnkuATargB
sepA1; pyrG89; wA3
tpmATGFPTpyr-4; pyrG89; wA3
sepATgfpTpyr-4; pyrG89 pabaA1; yA2
pyrG89; argB2; gfpTbud3Tpyr4; pyroA4; nkuATargB
pyrG89;argB2;alcATgfpTrho4; pyr-4; nkuATargB
pyrG89; argB2;gfpTbud3Tpyr4; pyroA4; sepA1 nkuATargB
sepA1; tpmATGFPTpyr4;pyrG89
Dbud3 suppressor
sepH 1; pabaA6; lysB5; chaA1
pyrG89; sepH 1
pyrG89; gfpTbud3Tpyr4; sepH 1

piperazine-N,N-bis (2 ethanesulfonic acid) (PIPES), and 0.5%
dimethyl sulfoxide] for 20 min and then stained with staining
solution containing both 273 nm fluorescent brightener 28
(Sigma-Aldrich, St. Louis, MI) and 160 nm Hoechst 33258
(Molecular Probes, Eugene, OR).
Construction of gene replacement strains: The bud3, rho4,
and msb1 genes from strains AHS3, AHS4, and AHS7, respectively, were replaced with the pyroAA.f. marker from A.
fumigatus. All gene replacements were generated using the
gene targeting system developed by Nayak et al. (2006) and
the gene replacement generation strategy developed by Yang
et al. (2004). Oligonucleotides used in this study are listed in
Supporting information, Table S1. The pyroAA.f. DNA marker
fragment was PCR amplified from plasmid pTN1 (Nayak et al.
2006). DNA fragments upstream and downstream of bud3 and
rho4 were amplified from the wild-type strain FGSC28 (available through the Fungal Genetics Stock Center, Kansas City,
MO). High-fidelity and long template PCR systems (Roche
Diagnostics, Indianapolis, IN) were used for amplifications of
individual and fusion fragments, respectively, using a Px2
Hybaid or an Eppendorf Mastercycler gradient thermal cycler.
The amplification conditions were according to the manufacturer’s recommendations. PCR products were gel purified
using the QIAquick gel extraction kit (QIAGEN, Valencia,
CA). The gene replacement constructs were transformed into
strain TNO2A3 and plated on supplemented minimal medium with 0.6 m KCl. Transformations were performed
according to the protocol described by Osmani et al. (2006).
Transformation candidates were tested for homologous integration of the gene replacement construct and the absence
of the wild-type gene by diagnostic PCR as described by Yang
et al. (2004). The same strategy was used to replace bud3 with
the pyr-4 nutritional marker from N. crassa. The pyr-4 DNA
marker fragment was amplified from plasmid pRG3. The
resulting constructs were transformed into TNO2A3. The bud3
gene replacement construct with pyroAA.f marker was transformed to strain AAV123 to generate strain AHS30.

FGSC (accession no. A28)
FGSC (accession no. A773)
This study
This study
This study
This study
This study
This study
This study
Virag et al. (2007)
Lab stock
Pearson et al. (2004)
Sharpless and Harris (2002)
This study
This study
This study
This study
This study
This study
This study

Genetic interaction experiments: The cdc42 (ANID_07487.1),
racA (ANID_04743.1), and rho4 (ANID_02687.1) gene sequences, including upstream (500 bp) and downstream regions
(300 bp), were retrieved from the A. nidulans genome at the
Broad Institute (http://www.fgsc.net/aspergenome.htm). These
sequences were amplified (primers described in Table S1) and
cloned into the pCR2.1–TOPO vector (Invitrogen, Carlsbad,
CA) to generate plasmids pHS11, pHS12, and pHS13, respectively. For overexpression experiments, strain AHS3 was cotransformed with pRG3–AMA1 and each of the plasmids pHS11,
pHS12, and pHS13.
Construction of GFP fusions to AnBud3 and Rho4: To
localize AnBud3, we fused GFP to the N terminus using the
five-piece fusion PCR approach recently described by TaheriTalesh et al. (2008). In addition to the retention of native
promoter sequences, final constructs also contained a short
linker of five glycines and alanines inserted between the GFP
and AnBud3 coding sequences. In brief, the following five
fragments were amplified (primers described in Table S1): (1)
a 1.3-kb sequence upstream of bud3, (2) the GFP coding
sequence (minus the stop codon) derived from plasmid
pMCB17apx, (3) the bud3 gene plus 400 bp of downstream
sequence, (4) the N. crassa pyr-4 selectable marker, also derived
from pMCB17apx, and (5) a 1.3-kb sequence extending from
400 to 1700 bp downstream of bud3. Fragments 1, 3, and 5 were
amplified by specific primers with 30-bp tails that were reverse
complements of the adjacent fragments. Finally, the forward
primer used to amplify fragment 1 and the reverse primer used
to amplify fragment 5 were used to fuse the entire fivefragment gene replacement construct. The high-fidelity and
long template PCR systems (Roche Diagnostics) were employed
to amplify individual and fusion fragments, respectively, on a
Px2 Hybaid or an Eppendorf Mastercycler gradient thermal
cycler. PCR products were gel purified using the QIAquick gel
extraction kit (QIAGEN). The resulting gfpTbud3Tpyr-4 cassette was used to replace wild-type bud3 in strain TNO2A3 using
the approach described by Nayak et al. (2006).
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The plasmid pHS31, containing alcA(p)TgfpTrho4, was
constructed in two steps. An N-terminal sequence from rho4
that corresponds to amino acids 1–261 was amplified from
wild-type strain A28. Cloning sites for AscI and PacI were
incorporated onto the ends of the amplified fragment. The
PCR product was gel purified and cloned into pCR2.1–TOPO
to generate pHS30. The resulting plasmid was digested with
AscI and PacI (New England Biolabs), and the liberated rho4
fragment ligated into pMCB17apx (Efimov 2003) to generate
pHS31. Thereby, the N terminus of rho4 was fused to GFP,
which in turn is expressed under the control of alcA(p). Upon
transformation into strain TNO2A3, homologous integration
of this construct generates a single full-length copy of rho4
regulated by alcA(p), plus a truncated version controlled by
native promoter sequences.
AnBud3 guanine nucleotide exchange assays: MBP-tagged
AnBud3 and Rho4 constructs were cloned by RT–PCR
using the primers (sequences are provided in Table S1)
DJ_An0113_NcoI_f and DJ_An0113_NotI_TGA_rev for bud3,
and DJ_An2687rho4_NcoI_f andDJ_HindIII_An2687rho4_r
for rho4, along with cDNA prepared from vegetative hyphae.
Total RNA was obtained by TRIzol extraction (Invitrogen) and
cDNA prepared using RevertAid M-MuLV Reverse Transcriptase (Fermentas). cDNA was subcloned into pJet1.2/blunt
vector (Fermentas). AnBud3 and Rho4 constructs were
digested with either NcoI and NotI (bud3) or NcoI and HindIII
(rho4) and inserted into a modified pMalc2x vector (Vogt and
Seiler 2008), which was digested accordingly to generate
plasmids pMal_AnBUD3 and pMal_AnRHO4. MBP–AnBud3
and MBP–Rho4 fusion proteins were expressed and purified
as previously described (Vogt and Seiler 2008).
Guanine nucleotide exchange assays were performed by
fluorometric determination of mant-GDP (a fluorescently
labeled GTP analog) incorporation as described (Abe et al.
2000) using a Tecan Infinite 200 spectrophotometer at 21°. The
reaction was started by adding 0.1 mm mant–GDP and 1 mm
MBP–Bud3 to 1 mm Rho4 in 30 mm Tris, pH 7.5, 5 mm MgCl2,
10 mm NaH2PO4/K2HPO4, 3 mm DTT, which was preequilibrated for 5 min at 21°. Fluorescence intensity (lexc ¼ 356 nm,
lem ¼ 448 nm) was monitored over 16 min. The change of
fluorescence over time was used to assess mant–GDP incorporation into Rho4 in the presence and absence of the GEF.
Similar conditions were also used in recent publications by Yeh
et al. (2007) and Hlubek et al. (2008). The latter authors also
used equal amounts of GEF and GTPase. In the kinetics
presented in Figure 4B, the mixing of Bud3 and mant–GDP
with Rho4–GDP is defined as time-point zero. After 16 min the
measurement was stopped and the resulting emission curves
were further analyzed. To allow comparison between independently prepared biological samples of each GEF and GTPase,
we used the linear range of the slope from each individual
experiment. The kinetics of two independent GEF and of two
independent GTPase preparations each performed in duplicate measurements was determined and the background
fluorescence of mant–GDP without added proteins was subtracted. The mean value of the slopes calculated for Rho4 in the
absence of Bud3 represents the intrinsic activity of Rho4 and
was set to 100%. To determine the exchange activity of Rho4 in
the presence of the GEF relative to its intrinsic activity, the
mean slope value calculated for emission curves of Rho4 in the
presence of the GEF was divided by the mean slope value
calculated for the intrinsic activity of Rho4 and the resulting
value was multiplied by 100 to obtain the relative value displayed
in Figure 4A (relative exchange activity of Rho4 in the presence
of Bud3 ¼ (mean value of slopeRho4 1 slopeBud3/mean value
of slopeRho4 3 100).
Conidiation experiments: Conidiophore development was
monitored using the sandwich cover slip method described by

Lin and Momany (2003). Briefly, 1 ml of melted MAGUU
media was placed on a cover slip that was then transferred to
the surface of a 4% water agar plate. The cover slip was
inoculated with spores once the media had solidified, whereupon a second cover slip was placed on top. After 3–4 days,
conidiophores had formed and become attached to the top
cover slip, which was then dipped into 100% ethanol and
mounted for differential interference contrast (DIC) microscopy. For Calcofluor staining, the cover slips were fixed and
stained after ethanol treatment.
sepA1 and sepH 1 experiments: The sepA1 GFP–AnBud3
strain AHS51 was generated by crossing the GFP–AnBud3
strain AHS41 with the sepA1 strain ASH630 and screening at
restrictive temperature (42°) on selective media. The sepH 1
GFP–AnBud3 strain AHS62 was generated by transforming the
sepH 1 strain AHS61 with the same GFP fusion construct used
to generate AHS41. The DNA replication inhibitor hydroxyurea (HU) was used to arrest the nuclear division cycle. A total
of 50 mm HU was added to liquid cultures 1 hr prior to
shiftdown, and cultures were maintained in the presence of
HU for an additional 2 hr once returned to 28°. The strain
AHS53 (sepA1 tpmATgfp) was used to assess the effect of the
sepA1 mutation on the formation of contractile actin rings at
the semipermissive temperature of 37°.
Microscopy: Digital images of plates were collected with an
Olympus C-3020ZOOM digital camera. DIC and fluorescent
images were collected with either an Olympus BX51 microscope with a reflected fluorescence system fitted with a
Photometrics CoolSnap HQ camera or an Olympus Fluoview
confocal laser-scanning microscope. Images were processed
with IPLab Scientific Image Processing 3.5.5 (Scanalytics,
Fairfax, VA) and Adobe Photoshop 6.0 (Adobe Systems, San
Jose, CA).
Dbud3 suppressor screen: A suspension of 106 conidia from
the strain AHS3 was plated on MNUU plates and irradiated
with UV to a survival rate of 10%. Plates were incubated for
6 days at 28°. The faint green colonies that emerged were
patched in grids on master MNUU plates and for retesting. In
addition, retention of the Dbud3 mutation was verified by PCR.
Candidates for further study were picked on the basis of
restoration of septum formation (as observed by Calcofluor
staining). Standard genetic analysis was used to determine that
suppressor mutations were not linked to bud3 and defined a
single gene.

RESULTS

The A. nidulans homolog of Bud3 is required for
septum formation: Our original annotation of the
A. nidulans genome revealed the existence of potential
homologs of the axial budding markers Bud4 and Axl2
(Harris and Momany 2004; Galagan et al. 2005).
Subsequent annotation using the cognate proteins from
Ashbya gossypii (AgBud3; Wendland 2003) and C.
albicans (CaO19.7079) as additional queries for BLASTp
and PSI–BLAST searches also uncovered a potential
homolog of Bud3. AnBud3 (ANID_00113.1) is a predicted 1538-amino-acid (aa) protein with a RhoGEF
domain located between aa 250 and 450 (Figure S1).
Homologs of AnBud3 (.40% identity over their entire
lengths) exist in all sequenced euascomycete genomes
(e.g., Figure S1). AnBud3 only possesses limited homology to S. cerevisiae and A. gossypii Bud3 (21% identity over
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Figure 1.—Effects of the Dbud3 deletion on
colony morphology, septum formation, and conidiation. (A and B) Colony morphologies of
strains TNO2A3 (wild type; A) and AHS3 (Dbud3;
B) grown on minimal medium (MNUU) for
9 days. SepA–GFP localizes to hyphal tips, but
not septa, in DAnbud3 mutants. (D) SepA–GFP
localization at septa in wild-type hyphae. For C
and D, DAnbud3 and wild-type strains possessing
sepATgfp (AHS30 and AKS70, respectively) were
grown in YGV media for 12 hr prior to imaging.
(E) Wild-type conidiophore. (F) Dbud3 conidiophore. Fused metulae and phialides bearing a
few spores were observed. (G and H) Wild-type
(G) and Dbud3 (H) hyphae grown in YGVUU
for 12 hr. Note the absence of septa in the Dbud3
mutant. Septa and nuclei were visualized in fixed
hyphae using Calcofulor and Hoechst 33258, respectively. Arrows indicate septa. Bar, 10 mm.

the first 550 aa, which corresponds to the predicted
RhoGEF domain). Our description and functional
characterization of the Bud4 and Axl2 homologs will
be presented elsewhere.
To determine the possible function of AnBud3
during hyphal morphogenesis, a mutant possessing a
complete gene deletion was generated using recently
described protocols (Yang et al. 2004; Nayak et al.
2006). bud3TpyroAA.f. deletion mutants (hereafter referred to as Dbud3) formed colonies that were slightly
smaller than wild type and were notably devoid of
conidia (Figure 1, A and B). On minimal media, Dbud3
mutants produced 520-fold fewer conidia/ml compared to its parental strain TN02A3. A similar effect (i.e.,
75-fold reduction compared to TN02A3) was observed
on rich media. To determine the possible basis of the
conidiation defect, conidiophores from the mutant as
well as wild-type controls were imaged using a previously
described ‘‘sandwich slide’’ protocol (Lin and Momany
2003). A range of defects was noted, included elongated
metulae and phialides, as well as conidiospores that
apparently failed to undergo cytokinesis (Figure 1, E
and F). Because a stage-specific arrest was not observed,
it seems likely that AnBud3 is required at multiple steps
during conidiophore development.
Cover slip cultures were used to examine Dbud3
mutants for defects in hyphal morphogenesis. The

timing and pattern of spore polarization was indistinguishable from wild type, and the resulting hyphae
displayed no obvious defects in polarized growth (Figure 1, G and H). On the other hand, septum formation
was completely abolished, as no septa were observed in
Dbud3 mutants (Figure 1, G and H; n . 1000 hyphae
grown on YGVUU). To gain further insight into the
nature of the septation defect in Dbud3 mutants, strains
possessing a SepA–GFP fusion were analyzed. As noted
previously (Sharpless and Harris 2002), SepA is a
component of the contractile actin ring that forms at
septation sites (Figure 1D). In Dbud3 sepATgfp strains
(AHS30), SepA–GFP exhibited normal localization at
hyphal tips, but no rings were observed (n . 1000
hyphae grown on YGV; Figure 1C). Accordingly, AnBud3 appears to be required for an early step in septum
formation that precedes the formation of the contractile actin ring.
These observations demonstrate that AnBud3 is not
required for the establishment or maintenance of hyphal
polarity, but is needed for normal septation. Notably,
the defects in septum formation may account for the
abnormal development observed in Dbud3 mutants, as
reduced conidiation has previously been associated with
defects in septum formation (Harris et al. 1994).
AnBud3 functions as a GEF for Rho4: The presence
of a predicted Rho–GEF domain in AnBud3 suggested
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Figure 2.—Dosage suppression of Dbud3 growth and septation defects by rho4. (A–C) Colony morphology of Dbud3
strain AHS3 transformed with multiple copies of cdc42 (A),
rac1 (B), or rho4 (C) and grown on selective MN media. Only
rho4 functions as a dosage suppressor and restores conidiation. Hyphal morphology of Dbud3 strain AHS3 transformed
with vector control (D) or rho4 (E). Hyphae were grown on
YGV medium for 14 hr and stained with Calcofluor and
Hoechst 33258 to visualize septa and nuclei, respectively.
The presence of rho4 restored septum formation (arrows)
to the DAnbud3 mutant. Bar, 10 mm.

that its role in septation might be to locally activate a
Rho GTPase by promoting GDP–GTP exchange. A
genetic approach was used to identify candidate Rho
GTPase targets for AnBud3. This approach is based on
the premise that increased levels of a target GTPase can
compensate for defects in its associated GEF. For
example, in S. cerevisiae, the GTPases Cdc42 and Rho1
function as dosage suppressors of mutations affecting
their cognate GEFs, Cdc24, and Rom1, respectively
(Bender and Pringle 1989; Ozaki et al. 1996). Accordingly, we predicted that one of the six annotated Rho
GTPases from A. nidulans (Harris et al. 2009) might
function as a dosage suppressor of Dbud3. We were
particularly interested in ANID_02687.1, a predicted
homolog of Neurospora crassa rho-4, which is required for
septum formation and assembly of the contractile actin
ring (Rasmussen and Glass 2005). Candidate GTPases
were amplified and cotransformed into a Dbud3 pyrG89
strain along with the autonomously replicating plasmid
pRG3–AMA1. For each GTPase, multiple Pyr1 transformants were picked and tested for suppression of the
conidiation defects caused by deletion of bud3. Neither
cdc42 nor racA could suppress Dbud3, however multicopy rho4 was capable of restoring conidiation (Figure 2,
A–C). In addition, these transformants were also able to
form septa (Figure 2, D and E). Two observations
demonstrate that suppression was due to the presence
of rho4. First, the entire rho4 coding region could be
amplified from pRG3–AMA1-based plasmids rescued
from the original transformants. Second, retransformation experiments showed that rescued plasmids containing rho4 were able to suppress Dbud3. On the basis of

Figure 3.—Effects of the Drho4 mutation on growth, hyphal morphology, and development. (A and B) Colony morphology of wild-type (TNO2A3; A) and Drho4 (AHS5; B)
strains following growth on MNUU medium for 9 days. (C
and D) Hyphal morphology of wild-type (TNO2A3; C) and
Drho4 (AHS5; D) strains following growth for 14 hr on
YGVUU at 28°. Arrows indicate septa. Bar, 10 mm. (E–G) Conidiophore morphology of wild-type (TNO2A3; E) and Drho4
(AHS5; F–G) strains following growth for 3 days on MAGUU.
Arrow in F indicates abnormal formation of a secondary
conidiophore. Arrows in G indicate fused metulae and phialides. (H) Hyphal morphology of Dbud3 Drho4 double mutant
strain (AHS25) after 14 hr of growth in YGVUU at 28°. (I) Conidiophore morphology of Dbud3 Drho4 double mutant strain
(ASH25) following growth for 3 days on MAGUU. The arrow
indicates abnormal formation of a secondary conidiophore
generated from a phialide fused to its subtending metulae.
Bars, 10 mm except for E–G, where bars ¼ 3 mm.

this genetic evidence, we conclude that AnBud3 likely
functions as a GEF for the Rho GTPase Rho4.
Because GEFs activate their target GTPase, mutational inactivation of the GTPase would typically be
expected to cause the same phenotypes as loss of its
GEF. Accordingly, we generated a rho4 deletion and
tested for defects in septum formation and conidiation
that resemble those observed in Dbud3 mutants. As
shown in Figure 3, A and B, Drho4 mutants displayed
similar colony morphology as Dbud3 mutants. Furthermore, Drho4 mutants were completely defective in
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Figure 4.—AnBuD3 is a Rho4 exchange factor. In vitro guanine nucleotide exchange activity was determined by measuring binding of mant–GDP to purified Rho4 in the presence or
absence of the putative GEF AnBud3 construct containing the
GEF domain. The diagram indicates the mean values 6 SD of
at least two independent Rho protein and two GEF purifications with each experiment performed in duplicate. The intrinsic Rho activity is set to 100% (A). An example of
in vitro kinetics for mant–GDP binding to purified AnRho4,
AnBud3, and both is shown. The exchange activity of AnRho4
is stimulated by AnBud3 (B).

septation and formed aberrant conidiophores (Figure
3, C–G). These observations implicate Rho4 in the same
morphological processes as Bud3. To test this, we
generated Dbud3TpyrGA.f. Drho4TpyroAA.f. double mutants (AHS25) by a standard cross, and found that they
exhibited the same phenotype as the two parent single
mutants (Figure 3, H and I). This epistatic interaction
provides additional support for the notion that AnBud3
and Rho4 function in the same pathway that regulates
septum formation.
To provide further evidence for the relationship
between AnBud3 and Rho4, we used in vitro assays to
determine whether AnBud3 exhibited GEF activity
toward Rho4 (see materials and methods). As shown
in Figure 4, a fragment that encompasses the predicted
GEF domain of AnBud3 specifically stimulated the
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GDP–GTP exchange activity of Rho4. Furthermore,
the same fragment was also capable of promoting the
exchange activity of the heterologous Rho4 from
N. crassa (Figure S2). Accordingly, when coupled with
the genetic interactions and phenotypic similarities
displayed by the respective mutants, these results
strongly implicate AnBud3 as a Rho4 GEF in A. nidulans.
AnBud3 and Rho4 localization patterns at septa: As a
further test for the function of AnBud3, we used a GFP
fusion protein to characterize its localization pattern.
We constructed strains in which the sole functional
source of AnBud3 was supplied by a GFPTbud3 fusion
expressed under control of native promoter sequences.
As expected, GFP–AnBud3 localized to septation sites,
where it formed a constricting ring (Figure 5, A and B).
Notably, GFP–AnBud3 first localized to incipient septation sites prior to the appearance of any detectable
Calcofluor-stained septum (i.e., 21/109 GFP–AnBud3
rings were not associated with a septum; Figure 5, C and
D). GFP–AnBud3 localization at septation sites remained unchanged as septa first appeared (i.e., 22/
109 rings colocalized with a thin septum; Figure 5, E and
F) and then as they began to thicken (i.e., 54/109 rings
colocalized with a thick septum; Figure 5, G and H).
However, GFP–AnBud3 rings ultimately constricted
(i.e., 12/109 rings were constricted and colocalized with
a thick septum; Figure 5, I and J), suggesting that
AnBud3 is a likely component of the contractile actin
ring.
Because our genetic evidence implicates AnBud3 as a
putative GEF for Rho4, we surmised that Rho4 would
also localize to septa. Accordingly, we constructed a
strain in which the sole functional copy of rho4 was fused
at its 59 end to GFP and was expressed under control of
the inducible alcA(p) promoter. As expected, the
alcA(p)TgfpTrho4 strain displayed a growth defect on
repressing glucose media, though not as severe as that
caused by deletion of rho4 (data not shown). On the
other hand, the strain grew no worse than wild type on
inducing threonine media. Under these conditions,
GFP–Rho4 localized to septa and appeared to undergo
constriction (Figure 6). This observation suggests that
like AnBud3, Rho4 is also a component of the contractile actin ring.
Our genetic analysis supports a model whereby
AnBud3 acts as a GEF that locally activates Rho4, which
in turn leads to localized recruitment of SepA and
assembly of the CAR. According to this model, localization of AnBud3 to septation sites would precede
formation of the CAR. To test this prediction, we took
advantage of the temperature-sensitive sepA1 mutation.
At both restrictive (42°) and semipermissive temperatures (37°–39°), this mutation abolishes assembly of
the CAR (Sharpless and Harris 2002; Figure S3). We
thus determined whether AnBud3 localizes to septation
sites in sepA1 mutants incubated under these conditions. As expected, GFP–AnBud3 localized to rings in
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Figure 5.—Localization of GFP–AnBud3. (A
and B) GFP–AnBud3 rings (A, open arrows)
and corresponding septa (B, solid arrows) following growth of strain AHS41 on YGVUU for 15 hr
at 28°. The dashed arrow indicates a thick ring in
the process of constricting. (C–J) Coordination
of GFP–AnBud3 ring dynamics with septum deposition. (C, E, G, and I) GFP–AnBud3 localization. (D, F, H, and J) Calcofluor staining to
visualize septa and cell walls. (C and D) GFP –
AnBud3 localization at septation site prior to
appearance of visible septum. (E and F) GFP–
AnBud3 rings associated with thin septum.
(G and H) Thicker AnBud3 ring associated with
more prominent septum. (I and J) Constricting
AnBud3 ring and associated septum. Bar,
3 mm, except A and B, where bar ¼ 10 mm.

wild-type hyphae at 37° (Figure 7, A and B). Notably, in
sepA1 mutants, GFP–AnBud3 localization was also observed at septation sites (Figure 7, C–H). In most cases,
GFP–AnBud3 accumulated at cortical sites or appeared
to form incipient rings (Figure 7, E–H), though rare
examples of a complete ring were occasionally observed
(Figure 7, C and D). These results suggest that assembly
of the CAR is not a prerequisite for the recruitment of
AnBud3 to septation sites.
Roles of nuclear division and the SIN in AnBud3
localization: We have previously demonstrated that the
sepA1 septation defect is reversible. In particular, a shift
back to permissive temperature (i.e., 28°) triggers rapid
and synchronous formation of septa with appropriate
spacing in a manner that is dependent upon nuclear
division (Harris et al. 1997; also see Trinci and Morris
1979). We exploited the reversibility of the sepA1
mutation to determine whether nuclear division is
required for the appearance of AnBud3 rings. In
particular, sepA1 hyphae that express GFP–AnBud3 were
shifted to 28° after incubation at 37°. As expected,
numerous AnBud3 rings appeared within 2 hr, and in
many cases, multiple rings formed in a single hypha
(Figure 7, I and J). However, when shifted down in the
presence of 50 mm hydroxyurea, which blocks DNA
replication and subsequent nuclear division, the localized recruitment of AnBud3 and the formation of rings
were abolished (Figure S4). A similar treatment is
known to prevent formation of septa upon shiftdown
of sepA1 mutants (Harris et al. 1997). Thus, nuclear
division appears to be generally required for the
localization of AnBud3 to septation sites and the subsequent formation of rings.

A potential pathway that might link nuclear division
to AnBud3 localization is the SIN, which is required for
assembly of the CAR in A. nidulans (Bruno et al. 2001;
Kim et al. 2006) and functions upstream of SepA
(Sharpless and Harris 2002). To test this notion, we
transformed our GFPTbud3 construct into a strain
possessing the temperature-sensitive sepH 1 mutation.
This mutation, which affects the A. nidulans homolog of
the S. pombe Cdc7/S. cerevisiae Cdc15 protein kinase,
abolishes CAR assembly and septation at restrictive and
semipermissive temperatures (Bruno et al. 2001;
Sharpless and Harris 2002). At permissive temperature (28°), AnBud3 localization and septum formation
were indistinguishable from wild type in the sepH 1
mutant (Figure 8, A and B). However, under semi-

Figure 6.—Localization of GFP–Rho4. (A and B) GFP–
Rho4 localization (A) and corresponding septum (B; observed using DIC optics) following 13 hr growth of strain
AHS43 at 28° on alcA(p) inducible threonine–MNV. Arrow indicates a GFP–Rho4 ring at the septation site. (C and D) A
constricting GFP–Rho4 ring (C; white arrow) and corresponding septum (D; black arrow). Bar, 3 mm.
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Figure 7.—Recruitment of AnBud3 to
septation sites does not require presence
of the contractile actin ring. (A and B)
GFP–AnBud3 localization in wild-type hyphae (AHS41) grown at 37° (A) or 28°
(B). (C–H) GFP–AnBud3 localization in
the sepA1 mutant (AHS51) at 37° (C, E,
and G) and corresponding DIC images
(D, F, and H). Dashed arrow (C) indicates
a rare example of an intact GFP–AnBud3
ring, whereas solid arrows mark the more
prevalent examples of incomplete rings
or cortical patches. (I and J) GFP–AnBud3
localization (I) and corresponding DIC image (J) in sepA1 mutant hyphae 2 hr following a shift from 37° to 28°. Solid arrows
indicate GFP–AnBud3 rings. Bars, 3 mm.

permissive conditions (39°), no evidence for AnBud3
recruitment to septation sites was observed (Figure 8, C
and D). Note that although the presence of AnBud3–
GFP clearly altered the morphology of sepH 1 mutants,
hyphae were large enough to form septa. These data
suggest that the SIN could coordinate CAR assembly via
recruitment of AnBud3 to septation sites. Nevertheless,
if indeed this is the case, it is not the sole mechanism by
the SIN acts, because rho4 could not function as a dosage
suppressor of the sepH 1 mutation in the same manner
as it suppresses DAnbud3 (H. Si and S. D. Harris,
unpublished observation).
The presumptive GAP Msb1 does not regulate
septum formation: Annotation of the A. nidulans
genome revealed almost all predicted Rho GTPase
activating proteins (Rho GAPs) could be matched to a
Rho GTPase by analogy to known modules in S. cerevisiae
and S. pombe (Harris et al. 2009; S. D. Harris, unpublished data). The sole exception is ANID_02983.1,
which is a presumptive homolog of S. cerevisiae Msb1.
Both proteins are predicted to possess full-length Rho–
GAP domains at their N terminus. Furthermore, results
from genetic analyses in budding yeast implicate Msb1
in both Cdc42 and Rho1 signaling pathways (Bender
and Pringle 1989; Sekiya-Kawasaki et al. 2002),
though it is not known if it possesses GAP activity.
Accordingly, we reasoned that AnMsb1 might function
as a GAP for Rho4, and tested this idea by deleting it in

both wild-type and DAnbud3 strains. Our expectation
was that loss of a Rho4 GAP would lead to a hyperactive
Rho GTPase, which would result in increased septum
formation in a wild-type background and would also be
potentially capable of suppressing the loss of septation
in Dbud3 mutants. However, deletion of msb1 only had
minor effects on colony growth (i.e., reduced conidiation) and did not affect septum formation (Figure 9).
Furthermore, Dmsb1 did not restore septation to any
extent to Dbud3 mutants (data not shown). These
observations suggest that AnMsb1 alone is not likely to
function as a GAP for Rho4.
As an alternative approach to the identification of
candidate GAPs for Rho4, we isolated a set of extragenic
suppressors of Dbud3 (Figure S5), which were then
tested to determine whether they harbored mutations
in any of the annotated Rho GAPs (Harris et al. 2009).
However, no predicted GAP was capable of complementing the suppressor mutation (i.e., restoring the
original Dbud3 phenotype) when amplified and cotransformed with the pRG3–AMA1 plasmid. Thus, the
nature, or even the existence, of the Rho4 GAP remains
unresolved.
DISCUSSION

The formation of septa in A. nidulans hyphae requires
the formin-dependent assembly of a CAR (Sharpless

Figure 8.—Localization of GFP–AnBud3 in
the sepH 1 mutant. GFP–AnBud3 localization at
28° (A) and 42° (C) following 14-hr growth of
strain AHS62 on YGV. GFP–AnBud3 localization
to septation sites was not observed at 42°. B and
D are corresponding DIC images. Arrows indicate septation sites. Bar, 5 mm.
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Figure 9.—Effects of the Dmsb1 mutation on growth and
hyphal morphology. (A and B) Colony morphology of wildtype (TNO2A3; A) and Dmsb1 (AHS7; B) strains following
growth on MNVUU medium for 6 days and 7 days, respectively. (C and D) Hyphal morphology of wild-type (TNO2A3;
C) and Dmsb1 (AHS7; D) strains following growth for 13 hr on
MNVUU at 28°. Arrows indicate septa. Bar, 10 mm.

and Harris 2002). Although Rho GTPases are known to
activate formins (e.g., Dong et al. 2003; Martin et al.
2007), the identity of the relevant GTPase(s) that direct
CAR assembly has remained unknown. Whereas our
previous results show that Cdc42 has no detectable role
in septation (Virag et al. 2007), the results presented
here demonstrate that the Bud3–Rho4 GTPase module
is required for CAR assembly and formin recruitment to
septation sites.
The Bud3–Rho4 GTPase module: Our observations
demonstrate that AnBud3 and Rho4 are required for
septum formation in A. nidulans hyphae. The loss of
either protein abolishes septation; in the case of bud3
mutants, this appears to be caused by the failure to
recruit the formin SepA, which is required for CAR
assembly, to septation sites. Furthermore, both proteins
localize to septation sites, where they form constricting
rings. Characterization of the AnBud3 localization
pattern in particular reveals that it first appears prior
to the formation of a detectable septum, then constricts
in a manner consistent with the notion that it is a
component of the CAR. Finally, our genetic and biochemical analyses clearly establish that AnBud3 serves as
a GEF that promotes activation of Rho4. A similar
relationship between Bud3 and Rho4 has recently been
described for another filamentous ascomycete fungus,
N. crassa ( Justa-Schuch et al. 2010). In this case, Bud3
also acts as a GEF for Rho4, which in turn directs
assembly of the CAR at septation sites (Rasmussen and

Glass 2005). Collectively, these results define Bud3 and
Rho4 as essential components of the GTPase modules
that direct CAR assembly during septation in those
filamentous fungi that belong to the euascomycetes.
Among the questions that still need to be addressed is
the identity of the relevant Rho4 GAP. Although
AnMsb1 appeared to be a reasonable candidate, our
results suggest that even if it does have GAP activity, it is
not the sole GAP for Rho4. Instead, it seems likely that
multiple GAPs might act in a redundant manner to
regulate Rho4.
In addition to A. nidulans and N. crassa, Bud3 and
Rho4 homologs have been implicated in septum formation in filamentous fungi that belong to the hemiascomycetes. In A. gossypii, Bud3 serves as a landmark for
future septation events and also functions to properly
position the CAR (Wendland 2003). It remains unknown whether this Bud3 homolog, or for that matter
the founding S. cerevisiae homolog, possess GEF activity.
In C. albicans, Rho4 appears to regulate deposition of
the septum during both yeast and hyphal phases of
growth (Dunkler and Wendland 2007). At this time,
no relationship between Bud3 and Rho4 has been
described for any hemiascomycete. We speculate that
Bud3 activation of Rho4 may represent an ancestral
interaction that was lost in the hemiascomycete lineage.
This could presumably account for lack of pronounced
sequence similarity between euascomycete Bud3 homologs and S. cerevisiae Bud3, and for the observation that
the euascomycete Rho4 homologs form a distinct clade
of fungal Rho GTPases that apparently lack hemiascomycete members (Rasmussen and Glass 2005), although the relationship of C. albicans Rho4 to this
clade is uncertain (Dunkler and Wendland 2007). An
investigation of the possible interaction between Bud3
and Rho4 homologs in archiascomycetes such as the
yeast S. pombe might help to further clarify how the
Bud3–Rho4 GTPase module has evolved in fungi.
The Bud3–Rho4 pathway: Our results show that the
Bud3–Rho4 GTPase module controls assembly of the
CAR during septation in A. nidulans. A likely effector of
Rho4 that mediates this function is the formin SepA,
which is no longer recruited to septation sites in
DAnbud3 mutants even though its localization at hyphal
tips is unaffected. Furthermore, our results show that
AnBud3 still accumulates at septation sites in the
absence of SepA, thereby implying that its function lies
upstream of SepA. We envision the following scenario
on the basis of our observations. In response to signals
emanating from the nucleus (see below), AnBud3
localizes to presumptive septation sites, where it activates Rho4 to initiate the process of assembling the
CAR. Activated Rho4 accomplishes this task by locally
recruiting SepA and other regulators of actin filament
dynamics. Moreover, AnBud3 and Rho4 remain associated with the assembled CAR during the process of
constriction. By doing so, AnBud3, and by inference
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activated Rho4, may control additional steps beyond
recruitment of SepA, such as maintenance of the CAR
or coordination of septum deposition with ring constriction. (e.g., Nakano et al. 2003; Santos et al. 2003).
One of the distinct features of septum formation in
filamentous fungi such as A. nidulans is the uncoupling
of cell division from nuclear division (Clutterbuck
1970; Harris 2001; Walther and Wendland 2003),
which implies the existence of unique regulatory
mechanisms that coordinate CAR assembly with mitosis
(i.e., not every dividing nucleus is capable of triggering
formation of a CAR). Because Rho4 appears to serve as a
pivotal regulator of CAR assembly during septation, it
seems likely that it would be responsive to signals
emanating from dividing nuclei. Moreover, by analogy
to the well-characterized Rho/Cdc42 GTPase modules
in S. cerevisiae (Park and Bi 2007), the GEFs and/or
GAPs that regulate Rho4 are potential targets for these
signals. Our observations that nuclear division and a
functional SIN pathway are required for AnBud3
localization at septation sites are consistent with this
idea. Future efforts will focus on determining whether
the protein kinase constituents of the SIN (SepH, SepL,
and SidB) (Bruno et al. 2001; Kim et al. 2006, 2009)
interact directly with AnBud3 to control its localization
and/or activity. Notably, in S. pombe, Orb6, which like
SidB is a member of the NDR kinase family, spatially
regulates polarized growth by restricting the localization of the Cdc42 GEF Gef1 (Das et al. 2009). Finally, it
should also be noted that our data imply that the Bud3–
Rho4 module is not the sole target of the SIN. Instead,
we envision the SIN acting via multiple targets to
coordinate CAR assembly and function with nuclear
division.
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FIGURE S1.—Organization and phylogenetic analysis of AnBud3. A. Schematic organization of AnBud3 depicting location of
the GEF domain (red). B. Phylogenetic analysis of AnBud3. Predicted coding regions of putative Bud3 homologues were aligned
using ClustalW (MacVector v7.0). The tree was constructed using the neighbor joining method with bootstrap support (1000
repetitions) and Poisson correction. All sequences are designated according to their annotation format or known protein name.
Ehis = Entamoeba histolytica, DEHA = Debaryomyces hansenii, Ca = Candida albicans, CAGL = C. glabrata, Sc = Saccharomyces cerevisiae,
KLLA = Kluyveromyces lactis, Ag = Ashbya gossypii, YALI = Yarrowia lipolytica, DD = Dictyostelium discoideum, SP = Schizosaccharomyces
pombe, CN = Cryptococcus neoformans, An = Aspergillus nidulans, NC = Neurospora crassa, Mg = Magnaporthe grisea, and Fg = Fusarium
graminearum.
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FIGURE S2.—AnBud3 is able to stimulate the GDP-GTP exchange activity of N. crassa Rho4. The diagram indicates the mean
values ±SD of at least two independent Rho protein and two GEF purifications with each experiment performed in duplicate.
The intrinsic Rho activity is set to 100%.
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FIGURE S3.—Absence of contractile actin rings in sepA1 mutant hyphae grown at 37oC. Wildtype (ACP115; A) and sepA1
(AHS53; B) hyphae were grown at 37oC for 11-13 h. Contractile actin rings were visualized using a TpmA-GFP fusion protein.
Arrows indicate rings in wildtype hyphae. Note the absence of rings in sepA1 hyphae despite the stronger background.

H. Si et al.

5 SI

FIGURE S4.—GFP-AnBud3 localization when nuclear division is blocked. Formation of GFP-AnBud3 rings does not occur in
wildtype (A-D) or sepA1 (E-H) hyphae when nuclear division is blocked by treatment with hydroxyurea (HU). Hyphae grown at
28o (A,B,E,F) or 37oC (C,D,G,H) were treated with HU as described in the Materials and Methods. GFP (A,C,E,G) and
corresponding DIC (B,D,F,H) images are shown. Bars=3μm.
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FIGURE S5.—bud3 suppressors. A. Wild type TNO2A3; B. bud3 mutant AHS3; and C. bud3 suppressor AHS3C2.
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TABLE S1
Oligonucleotide primers used in this study
Bud3 knock out primers
delBud3upF

GGA CCT GAC AACACATGCTCAGC

delBud3upR

GACATCGTGGCTATCTGCGGAACAATCGGGAAAGAGCGATGGATCGAG

delBud3dnF

AGTCTGCTCTACTTAGCTTTGACGGACCTTCATGTTATGGCTGATTTTGGTCG

delBud3dnR

TGCTACCTGGCTTCGAGAACTAGG

Rho4 knock out primers
NdelRho4A1

AGCCAGGTAAGGGGTCTCAT

NdelRho4A2

ATTACCTTAGTAATCCAGCATCTGATGTCCGATGGCGGACGGAGATTTCTC

NdelRho4B1

GCATTTGTCCTTCATTATGTAGACACTCGCGCCTCCTGTCTTCAGATTCTC

NdelRho4B2

CAGTTTCCTCCACACCCAAT

RefuseRho4F

CCAAGGAGGGAGTTGATTTCG

RefuseRho4R

TGGAAAATAGTTAAGCCGACGC

Rho4 GFPprimers
Rho4pMCBF1

GGCGCGCCGGGAGCTGGTGCAGGCGCTGGAGCCGGTGCCATGTCTGGCTCAATGTACGA

Rho4pMCB R

CCTTAATTAAGCACCTCGCATCTCCTTACTGC

GFPBud3primers
GFPBUD3 1F

GACACAATTCAGCAGCTCCA

GFPBUD3 1R

TCCAGTGAAAAGTTCTTCTCCTTTACTCATGGCGGGCAAGGAAGGTAGAC

GFPBUD3 3F

GGAGCTGGTGCAGGCGCTGGAGCCGGTGCCATGGCTACCACTTCGTGTGC

GFPBUD3 3R

CAGTTCCCGAAAGCGACGAATGATGAAGATCTAACTTTCCCCGTGATGGA

GFPBUD3 5F

GGAAAGTTGAGAGGAAGAATCGAGAGGTTGGTCCATTGTAGGCAGCGCCA

GFPBUD3 5R

CGGAGTGTCATGGGCTTTAT

GFPXSTOPF

ATGAGTAAAGGAGGACTT

GFPXSTOPR

GGCACCGGCTCCAGCGCCTGCACCAGCTCCTTTGTATAGTTCATCCATGCC

GFPpyr-4F

ATCTTCATCATTCGTCGCTTTC

GFPpyr-4R

CAACCTCTCGATTCTTCCTCTC

MBPBud3 primers
DJ_An0113_NcoI_f

CCGccatgggGCAACCAACCAATGTCAGTCG

DJ_An0113_Not1_TGA_rev

CCGgcggccgctcaCGACCATTTGCCACTCTCTC

MBPRho4 primers
DJ_An2687rho4_NcoI_f

CCGccatgggcTCTGGCTCAATGTACGATGACC

DJ_HindIII_An2687rho4_r

CCGaagcttTCACAGAATCTTGCAGCTGCG

